Cardiac iron overload is directly associated with cardiac dysfunction and can ultimately lead to heart failure. This study examined the effect of secoisolariciresinol diglucoside (SDG), a component of flaxseed, on iron overload induced cardiac damage by evaluating oxidative stress, inflammation and apoptosis in H9c2 cardiomyocytes. Cells were incubated with 50 μ5M iron for 24 hours and/or a 24 hour pre-treatment of 500 μ M SDG. Cardiac iron overload resulted in increased oxidative stress and gene expression of the inflammatory mediators tumor necrosis factor-α, interleukin-10 and interferon γ, as well as matrix metalloproteinases-2 and -9. Increased apoptosis was evident by increased active caspase 3/7 activity and increased protein expression of Forkhead box O3a, caspase 3 and Bax. Cardiac iron overload also resulted in increased protein expression of p70S6 Kinase 1 and decreased expression of AMP-activated protein kinase. Pre-treatment with SDG abrogated the iron-induced increases in oxidative stress, inflammation and apoptosis, as well as the increased p70S6 Kinase 1 and decreased AMP-activated protein kinase expression. The decrease in superoxide dismutase activity by iron treatment was prevented by pre-treatment with SDG in the presence of iron. Based on these findings we conclude that SDG was cytoprotective in an in vitro model of iron overload induced redox-inflammatory damage, suggesting a novel potential role for SDG in cardiac iron overload.
Introduction
Iron is essential to biochemical, metabolic, and biological processes in all organisms, where it is the critical component of haemoglobin and is needed for energy production and detoxification [1] . However, an overabundance of iron can result in complications such as cardiomyopathy, cirrhosis, and diabetes [2] [3] [4] [5] [6] . Primary iron overload, or hemochromatosis, is a common autosomal recessive disorder where mutation of the hemochromatosis-associated gene causes impaired feedback inhibition of iron uptake, resulting in maximal absorption [5, 6] . Secondary iron overload typically derives from dietary, transfusion excesses, iron-loading anemia, and chronic liver diseases [1, [4] [5] [6] .
Chronic iron overload can lead to a variety of cardiac arrhythmias ultimately resulting in heart failure [2, [5] [6] [7] [8] . Although no single mechanism is likely to account for the pathology of iron-overload induced heart failure, recent studies have suggested that altered calcium homeostasis and increased oxidative stress each play a role [5] [6] [7] [8] . The mechanism of cardiac iron uptake is not well defined but recent studies have established that iron is transported by voltagedependent L-type Ca 2+ channels in cardiomyocytes [2, 6, 8] .
A significant relationship exists between oxidative stress, inflammation and apoptosis in the pathophysiology of cardiovascular diseases, whereby increased ROS have been shown to promote pro-inflammatory mediator expression [9] [10] [11] . Forkhead box O (FOXO)3a is a transcription factor that promotes cardiomyocyte survival upon induction of oxidative stress [12] . TNF-α can trigger the expression and activation of matrix metalloproteinases (MMP)s via superoxide production [13] . Oxidative stress has been implicated in cardiac remodeling by causing an increase in activation of p70S6 Kinase 1 (p70S6K1) [14] . Studies have shown AMP-activated protein kinase (AMPK) can protect the heart from ischemic injury and adverse cardiac remodeling [15] , in part via inhibition of p70S6K1 [16] .
Once cardiac dysfunction is detected, the prognosis is poor without intervention but can be improved if appropriate therapy is given to address the iron overload [5, 6] . Studies have also found that free iron can rapidly transfer from extracellular medium into the mitochondria and can therefore be unreachable by chelators [17] . Given these limitations, novel methods for abrogating iron overload-induced damage that target key pathological processes including oxidative stress and inflammation are very desirable.
Secoisolariciresinol diglucoside (SDG) is a phytochemical antioxidant present in flaxseed. It has been shown to decrease the production of inflammatory mediators and reduce oxidative stress [18] [19] [20] . SDG treatment was also found to reduce the development of hypercholesterolemic atherosclerosis in rabbits fed a high cholesterol diet [21] , and reduce the development of diabetes in rats [22, 23] . However, there have been no studies to date investigating the role of SDG in oxidative damage in a cardiac iron overload model.
The present study was designed to investigate the cytoprotective effects of SDG on iron overload induced redox-inflammatory changes using the H9c2 cell line. Cellular damage was evaluated in terms of oxidative stress and inflammation and was correlated with apoptosis. 
Materials and Methods

Cell culture methods
CaspaTag (Apoptosis Detection) assay
Active caspase-3 and -7 were detected by the CaspaTag Caspase 3/7 assay (Chemicon International, Temecula, CA, USA) according to the manufacturer's protocol.~1 x 10 6 cells were stained with Fluorochrome Inhibitors of Caspases (FLICA) and incubated for 1 hour at 37°C. Cells were mixed every 20 minutes during staining. FLICA was then aspirated and the cells were washed with 1X wash buffer. Active caspase-3/7 positive cells were assessed by flow cytometry based on their green fluorescence following incubation with carboxyfluorescein-labeled fluromethyl ketone peptide inhibitor of caspase-3. The activation of caspase-3/7 was expressed as the mean fluorescence of iron-treated relative to untreated cells.
Western blot
Cells were homogenized in 200 μL of Nonidet P40 (NP-40) (Roche Diagnostics, Mannheim, Germany) buffer containing 150 mM NaCl, 1% NP-40, 50 mM Tris (pH 8.0) and protease inhibitors phenylmethylsulfonyl fluoride, leupeptin, aprotinin and pepstatin. Cell debris was removed by centrifugation at 12,000 x g for 30 minutes at 4°C, and the protein content determined by Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 50 μg of protein from each sample was boiled and subjected to electrophoresis in denaturing 10% SDS-PAGE. Proteins were transferred to polyvinylidene fluoride (PVDF) membranes using a Bio-Rad Trans-blot apparatus. The membranes were blocked with 5% bovine serum albumin (BSA) for 1.5 hours at room temperature. After blocking, the membrane was incubated with the appropriate antibody overnight at 4°C. Following extensive washing in 1X Tris buffered saline (TBS; pH 7.4), the membrane was incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody for 2 hours at room temperature. Finally, the membrane was washed extensively in 1X TBS, and protein expression was visualized using the enhanced chemiluminescence reagent. Following chemiluminescent imaging, membranes were stripped for re-blotting. β-actin (1:5000), Bax (1:100) and Bcl2 (1:100) antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA. AMPK (1:1000), FOXO3a (1:1000) and p70S6K1 (1:1000) antibodies were purchased from Cell Signaling Technology, Danvers, MA, USA. The secondary antibodies were anti-rabbit IgG (1:5000; Cell Signaling Technologies, Danvers, MA, USA), used for all primary antibodies except for Bcl2, which used anti-mouse IgG (1:2000) . The dilution was made in 5% BSA solution.
Statistical analysis
Data were presented as mean ± SEM and all data represents n ! 3 independent experiments. Statistical analyses were performed using GraphPad Prism software. One-way ANOVA with post hoc Tukey's test were utilized when possible with p < 0.05 considered significant. Asterisks are used herein to denote significance according to the following scheme:
Results
Effect of iron and SDG on cell surface area
Cell surface area was calculated with ImageJ software. A 24-hour treatment with 50 μM iron caused a significant decrease in cell size (p < 0.001) when compared to control cells (Fig 1) . 24-hour pre-treatment with 500 μM SDG caused cell size to decrease when compared to control but were still significantly larger than iron treated cells (p < 0.001) (Fig 1) . These data indicate that pre-treatment with SDG can prevent cell size decrease caused by iron overload.
Effect of SDG on iron-induced oxidative stress
Intracellular ROS levels were assessed using the CM-H 2 DCFDA assay and measured via flow cytometry. A 24-hour treatment with 50 μM iron caused a significant increase (p < 0.05) in ROS generation (Fig 2A) as indicated by increased mean FL1 fluorescence (representative histogram; Fig 2B) versus control. These data indicate a pronounced production of ROS resulting from iron treatment of the H9c2 cells. 24-hour pre-treatment with 500 μM SDG prevented the significant increase in iron-induced ROS generation, reducing it to control levels (Fig 2A and  2B ). This finding indicates that the observed iron-induced increase in ROS was attenuated by pre-treatment with SDG.
Effect of SDG on SOD concentration
To investigate potential cellular antioxidant responses the concentration of SOD in iron and SDG treated cells was measured via the Superoxide Dismutase assay kit. Iron and SDG treatment caused a decrease in SOD concentration (p < 0.05 and p < 0.01, respectively) when compared to the control. Combined treatment with SDG and iron lead to an increase in SOD concentration when compared to the control (p < 0.05) (Fig 3) . This finding suggests that iron-induced decrease in SOD activity can be abrogated by treatment with SDG. Effect of SDG on inflammatory cytokine expression Given the established cross-promotional relationship of oxidative stress and inflammation, the effect of iron on the expression of TNF-α, IL-10, and IFNγ was investigated via qPCR. Iron treatment caused significant increases in TNF-α (~3.2 fold, p < 0.001) (Fig 4A) and IFNγ (~3.4 fold, p < 0.001) ( Fig 4C) and a modest increase in IL-10 (~1.1 fold, p < 0.05) (Fig 4B) , versus control. These data indicate greatly enhanced expression of key inflammatory mediators in response to iron treatment. Pre-treatment with SDG mitigated the significant increase in iron-induced TNF-α and IL-10 expression, maintaining it at control levels ( Fig 4A and 4B) . IFNγ expression increased in SDG + iron treated cell when compared to control cells (~2.8 fold, p < 0.05).
Effect of SDG on MMP2 and 9 expression
Since oxidative stress and inflammation are demonstrably linked to matrix degradation and cardiac remodelling, the expression of MMP-2 and 9 was investigated via qPCR. Iron treatment caused statistically significant increases in MMP-2 (~1.8 fold, p < 0.01) (Fig 5A) and MMP-9 (~1.7 fold, p < 0.001) (Fig 5B) versus control. Pre-treatment with SDG nullified the significant increase in iron-induced MMP-2 and 9 expression, maintaining it at control levels ( Fig 5A and 5B) .
Effect of SDG on iron-induced cardiomyocyte apoptosis
To investigate the potential cytotoxicity of the observed iron-induced ROS production, the activity of apoptotic proteins (caspases 3 and 7) was assessed using the CaspaTag assay and measured via flow cytometry. Iron caused a significant increase (~174%, p < 0.01) in apoptosis (Fig 6A) as indicated by increased mean FL1 fluorescence (representative histogram; Fig 6B) versus control. Given the observed SDG-mediated prevention of iron-induced ROS elaboration, the potential cytoprotective effect of SDG was investigated. Pre-treatment with SDG prevented the significant increase in iron-induced apoptosis, maintaining it at control levels ( Fig 6A and 6B ). This finding suggests that the observed iron-induced cytotoxicity was largely mediated by ROS and/or inflammation, and that SDG was effective in preventing both the iron-induced cellular damage and cell death.
Effect of SDG on FOXO3a, Bax and Bcl2 protein levels
To further investigate the iron-induced apoptosis FOXO3a, Bax, and Bcl2 protein expression were assessed via immunoblotting. FOXO3a and Bax protein expression were significantly increased after 24-hour iron treatment (~0.9 fold, p < 0.01 and~4.7 fold, p < 0.01 respectively) when compared to control (Fig 7A and 7B) . Pre-treatment with SDG prevented the increase in iron-induced FOXO3a and Bax protein expression, maintaining it at control levels (Fig 7A and  7B ). Bcl2 protein expression did not change significantly after 24-hour iron treatment when compared to control (Fig 7C) . Pre-treatment with SDG led to a significant increase in Bcl2 protein expression when compared to control (~10.8 fold, p < 0.01) (Fig 7C) . Bcl2/Bax ratio did not change in iron treated cells compared to control but was significantly increased when cells were treated with SDG alone and pre-treated with SDG prior to iron treatment when compared to control (~1.3 fold, p < 0.05;~1.8 fold, p < 0.01 respectively) ( Fig 7D) . These findings further suggest SDG was effective in attenuating iron-induced cell death.
Effect of SDG on p70S6K1 and AMPK protein levels p70S6K1 protein expression was assessed via immunoblotting and was significantly increased (~3.8 fold, p < 0.05) after 24-hour iron treatment when compared to control (Fig 8A) . Treatment with SDG alone reduced p70S6K1 protein expression significantly compared to control (~3.9 fold p < 0.05). Pre-treatment with SDG prevented the increase in iron-induced p70S6K1 protein expression (Fig 8A) . AMPK protein expression was significantly decreased after iron treatment (~1.3 fold, p < 0.05) when compared to control levels ( Fig 8B) . Pre-treatment with SDG abolished the decrease in iron-induced AMPK protein expression, maintaining it at control levels (Fig 8B) .
Discussion
In the present study, we found that pre-treatment with SDG prevented a significant increase in iron-induced apoptosis, suggesting that the observed iron-induced cytotoxicity is largely mediated by oxidative stress and inflammation. Importantly, this also indicates that SDG is effective in mitigating iron-induced cellular damage and death, representing the first report of a cardioprotective role for SDG in a cardiac iron overload condition. Iron overload is one of the most common causes of myocardial injury and diastolic heart failure that is directly attributable to oxidative stress [2, [5] [6] [7] [8] . Studies conducted in vivo have demonstrated an increase in ROS even after short-term iron exposure [24, 25] . In agreement with this concept, our results demonstrated a pronounced increase in oxidative stress upon iron treatment of cardiac H9c2 cells.
SDG is an antioxidant present in flaxseed and is known to decrease the production of inflammatory mediators and scavenge the ROS, specifically the hydroxyl radical [20] . Studies have shown that SDG prevents the development of hypercholesterolemic atherosclerosis [21] , induces angiogenesis-mediated cardioprotection [22] , and prevents the development of type 1 and type 2 diabetes [19, 23] . Although several studies have investigated SDG, none have explored its antioxidant potential in a cardiac iron overload.
Increased ROS have been implicated in initiating harmful events including DNA damage, lipid peroxidation and activation of MMPs which contribute to cardiovascular remodeling and dysfunction [9, 11, 26, 27] . Previous studies using the same cardiac cell line found that iron overload causes progressive loss of intact mitochondrial DNA, decreased expression of respiratory chain subunits encoded by mitochondrial and diminished respiratory function. They also reported that iron-mediated cytotoxicity involves ROS generated by the mitochondrion itself because cells lacking mitochondrial DNA were remarkably tolerant of iron overload [24] . In our study ROS production was shown to increase in 50 μM iron treated cells as shown with the CM-H 2 DCFDA assay. Pre-treatment with SDG prevented the significant increase in iron-induced ROS generation, reducing it to control levels. Moreover, iron induced decrease in SOD concentration was abrogated by pre-treatment with SDG, thereby suggesting an antioxidant potential of SDG in iron overload condition.
Cardiovascular diseases are associated with inflammation and cytokine modulation [7, 9, 11, 28] , and chronic heart failure is often characterized by elevated pro-inflammatory cytokine expression [9, 11, 28, 29] . TNF-α and IL-10 were found to be elevated in iron overloaded patients with thalassemia major [30] . Among its many effects, TNF-α is an initiator of the extrinsic apoptosis pathway [31] . IL-10 is an anti-inflammatory cytokine known to down-regulate the production of TNF-α, and it has similarly been detected in failing myocardium [32, 33] . In the iron overload condition there was a significantly higher expression of pro and anti-inflammatory cytokines. Taken together, these data suggest a strong inflammatory response in iron overload. Pre-treatment with SDG counteracted the significant increase in iron-induced TNF-α and IL-10 expression, maintaining it at control levels, while IFNγ expression significantly decreased when compared to iron treated cells. These data suggest SDG is capable of preventing the increase in inflammation in iron treated cells. Dietary flax seed is reported to suppress the production of TNF-α in hypercholesterolemic atherosclerosis in rabbits [21] .
Matrix metalloproteinases participate in tissue remodelling in cardiovascular diseases associated with enhanced oxidative stress [34] . MMP-2 and MMP-9 are known to play key roles in various cardiac disease conditions [35] [36] [37] . MMP activity has been shown to be regulated at multiple levels including its upregulation by TNF-α [13] . A recent study has demonstrated that TNF-α can trigger the expression and activation of MMPs via superoxide production [13] . Increased oxidative stress and inflammation observed in our study may act as a trigger for increased expression of MMP 2 and 9. A previous study demonstrated that H9c2 cardiomyocytes exposed to H 2 O 2 induced oxidative stress, exhibited increased MMP-2 activity, leading to cleavage and activation of the apoptotic protein, glycogen synthase kinase-3β [34] . Incubation with doxorubicin, an antitumor agent that causes heart damage, leads to an increase in MMP-2 and 9 expression and activation in H9c2 cells [36] . In the present iron overload condition, we demonstrated increased mRNA expression of both MMP-2 and 9, which was associated with increased oxidative stress and inflammation. This observation is consistent with the significant cardiac damage caused by iron overload, whereby matrix remodelling plays a role in the pathophysiology of cardiac dysfunction. Pre-treatment with SDG counteracted the significant increase in iron-induced MMP-2 and 9 expressions, maintaining it at control levels, indicating that SDG can have an effect on matrix components.
Two independent pathways may lead to cardiomyocyte apoptosis; intrinsic and extrinsic apoptosis. Both pathways end with the cleavage and activation of executioner caspases 3 and 7 [38] . We showed a significant increase in active caspase 3/7 in iron treated cells. Pre-treatment with SDG attenuated the significant increase in iron-induced apoptosis, maintaining it at near control levels. To further investigate the iron-induced apoptosis FOXO3a, Bax, and Bcl2 protein expression were assessed via immunoblotting. FOXO3a acts as a transcription factor known to play important roles in the regulation of apoptosis, while Bax can lead to the release of cytochrome c [39, 40] . FOXO3a and caspase 3 were activated in rat cardiac microvascular endothelial cells subsequent to myocardial ischemia/reperfusion injury. Moreover, FOXO3a inhibition led to a decrease in apoptosis via decrease in caspase 3 activation [41] . In our study FOXO3a and Bax protein expression were significantly increased after 24-hour iron treatment when compared to control. Pre-treatment with SDG prevented the significant increase in ironinduced FOXO3a and Bax protein expression. Bcl2 protein expression did not change significantly after the 24-hour iron treatment when compared to control. Pre-treatment with SDG led to a significant increase in Bcl2 protein expression when compared to control and iron treatment. Bcl2/Bax ratio increased after treatment with SDG alone and pre-treatment with SDG prior to iron treatment when compared to both control and iron treated cells. These data indicate concomitant iron-induced increases in apoptosis and a better understanding into the anti-apoptotic role of SDG in cardiac iron overload condition.
Cardiac remodeling occurs in response to oxidative stress, which involves activation of p70S6K1 [14] . A study showed that treatment of cardiomyocytes with H 2 O 2 led to an increase of p70S6K1 activity as early as 30 minutes after treatment [14] . Another study showed that resveratrol reduces hypertrophic growth of the myocardium by inhibiting p70S6K and enhancing the LKB1/AMPK pathway [42] . AMPK reserves cellular energy content and serves as a key regulator of cell survival in response to pathological stress. AMPK activation in a hypertrophic mouse model has been shown to be cardioprotective by blocking p70S6K1 and attenuating mTOR and ERK1/2 activation [16] . In our study p70S6K1 protein expression was assessed via immunoblotting and was significantly increased after 24-hour iron treatment when compared to control. Pre-treatment with SDG negated the significant increase in iron-induced p70S6K1 protein expression, maintaining it at control levels. This decrease in iron-induced p70S6K1 protein expression suggests that SDG may play a role in cardiac remodeling by modulating levels of p70S6K1. AMPK protein expression was found to be significantly decreased after iron treatment when compared to control levels. Pre-treatment with SDG prevented the significant decrease in iron-induced AMPK protein expression. This suggests a cardioprotective role for SDG in cardiac iron overload.
In conclusion, iron overload in cardiac H9c2 cells caused increased ROS, apoptosis, and inflammation. SDG abrogated the observed increases in ROS and apoptosis, suggesting a previously unknown cardioprotective role for this flaxseed in cardiac iron overload condition.
